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Standard Model and Beyond

Fundamental laws derived from few, 
basic guiding principles:

• Symmetries (gauge theories)

• Simplicity and beauty (few parameters)

• Naturalness (avoid fine-tuning)

• Anarchy (everything is allowed)
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Standard Model of particle physics:

• works beautifully, explaining all 
experimental phenomena with great 
precision

• no compelling hints for deviations

• triumph of 20th century science
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But many questions remain unanswered:

• Origin of generations and structure of 
Yukawa interactions?

• Matter-antimatter asymmetry?

• Unification of forces? Neutrino masses?

• Dark matter and dark energy?
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Strong prejudice that there 
must be “New Physics”

But many questions remain unanswered:

• Origin of generations and structure of 
Yukawa interactions?

• Matter-antimatter asymmetry?

• Unification of forces? Neutrino masses?

• Dark matter and dark energy?



Standard Model and Beyond: The Gordian Knot

What is the “New Physics” and how to find it ?



NMSSM

Standard Model and Beyond

4th generation extended Higgs
sectors

extended 
technicolor

left-right 
symmetry

leptoquarks

universal extra
dimensions

large extra
dimensions

warped extra
dimensions

gauge-Higgs
unification

Higgsless 
models

MSSM CMSSM νMSSM SUSY GUTs

unparticles Little Higgs hidden valleys not yet thought of ...



Standard Model and Beyond

Which Higgs ?



Standard Model and Beyond

little Higgs

charming Higgs

gauge-phobic Higgs

composite Higgs

burried Higgs

Which Higgs ?

invisible Higgs

the God particle

private Higgs



Searches for New Physics: Energy Frontier

Production of new particles at high-
energy colliders probes directly the 
structure of matter and its interactions:

• Charm at BNL, SLAC (1974)

• Bottom by E288 at FNAL (1977)

• W, Z bosons by UA1/2 at CERN 
(1983)

• Top by CDF, DØ at FNAL (1995)

• Higgs at FNAL (?), CERN (?), ...
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However, quite different scenarios of  
New Physics can lead to very similar 
signatures and hence to experimental 
signals that are difficult to disentangle
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However, quite different scenarios of  
New Physics can lead to very similar 
signatures and hence to experimental 
signals that are difficult to disentangle

MSSM,!

UED, !

…!

similar theory 
predictions!

comparable signals at 
Tevatron, LHC, …!

?

LHC inverse problem

Production of new particles at high-
energy colliders probes directly the 
structure of matter and its interactions:

• Charm at BNL, SLAC (1974)

• Bottom by E288 at FNAL (1977)

• W, Z bosons by UA1/2 at CERN 
(1983)

• Top by CDF, DØ at FNAL (1995)

• Higgs at FNAL (?), CERN (?), ...



Searches for New Physics: Intensity Frontier

Offers indirect insights into the structure 
of matter and its interactions at quantum 
level

Low-energy experiments at high luminosity 
study effects resulting from virtual particle 
exchange:

• Charm mass from K−K mixing 

• Top mass from B−B mixing, precision 
measurements at  Z pole

• Higgs mass from electroweak precision 
observables

• hints for New Physics in (g-2)μ:            
aμexp - aμSM = (290±90)⋄10-11

0

1

2

3

4

5

6

10030 300

mH !GeV"

!
"

2
Excluded Preliminary

!#
had

 =!#
(5)

0.02758#0.00035

0.02749#0.00012

incl. low Q
2
 data

Theory uncertainty

March 2009 m
Limit

 = 163 GeV

LEP
excluded Te

va
tr

on
 e

xc
lu

d
ed

Indirect constraints on 
the Higgs mass:

Jegerlehner, Nyffeler (2009)



Searches for New Physics: Intensity Frontier

Low-energy experiments at high luminosity 
study effects resulting from virtual particle 
exchange:

• Charm mass from K−K mixing 

• Top mass from B−B mixing, precision 
measurements at  Z pole

• Higgs mass from electroweak precision 
observables

• hints for New Physics in (g-2)μ:            
aμexp - aμSM = (290±90)⋄10-11

Global analysis of the 
unitarity triangle:

Provides sensitivity to energy regimes and 
probes aspects of couplings not accessible 
to direct searches, paving the way for 
discoveries or constraints of New Physics

Jegerlehner, Nyffeler (2009)



Searches for New Physics: Interplay

Theory

Intensity 
Frontier

Energy 
Frontier

New 
Physics

Complementarity and synergy:

Answering the open questions of elementary 
particle physics requires a joint effort:

• Theory: precision calculations in the SM, 
studies of New Physics, model-building, ...

• High-energy experiments: Tevatron, LHC, 
ILC (?), CLIC (?), Muon Collider (?), ...

• Low-energy experiments: BaBar, Belle, 
Super-B, NA62, J-PARC, Project X,    
neutrino physics, EDMs, (g-2)μ, ...



Searches for New Physics: Interplay

Theory

Intensity 
Frontier

Energy 
Frontier

New 
Physics

Complementarity and synergy:

Answering the open questions of elementary 
particle physics requires a joint effort:

• Theory: precision calculations in the SM, 
studies of New Physics, model-building, ...

• High-energy experiments: Tevatron, LHC, 
ILC (?), CLIC (?), Muon Collider (?), ...

• Low-energy experiments: BaBar, Belle, 
Super-B, NA62, J-PARC, Project X, 
neutrino physics, EDMs, (g-2)μ, ...

Quark flavor physics is a crucial component in 
this program, which provides surgical probes of 
subtle corrections to fundamental interactions



Nobel Price in Physics 2008 for Kobayashi & Maskawa
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Flavor Structure in the SM and Beyond

Flavor physics means phenomena related to 
Yukawa couplings and generation-changing 
interactions in the fermion sector 

In SM:

• all flavor-violating interactions encoded in 
Yukawa couplings to Higgs boson

• suppression of flavor-changing neutral 
currents (FCNCs) and CP violation in quark 
sector due to unitarity of CKM matrix, small 
mixing angles, and GIM mechanism

M. KobayashiN. Cabibbo T. Maskawa
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Flavor Structure in the SM and Beyond

Flavor physics means phenomena related to 
Yukawa couplings and generation-changing 
interactions in the fermion sector 

In SM:

• all flavor-violating interactions encoded in 
Yukawa couplings to Higgs boson

• suppression of flavor-changing neutral 
currents (FCNCs) and CP violation in quark 
sector due to unitarity of CKM matrix, small 
mixing angles, and GIM mechanism
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In extensions of SM, additional flavor and CP 
violation can arise from exchange of new scalar 
(H+, q, ...), fermionic (g, t′, t(1), ...), or gauge          
(Z′, g(1),  ...) degrees of freedom

• new flavor-violating terms in general not 
aligned with SM Yukawa couplings Yu, Yd  

• can lead to excessive FCNCs, unless:

- new particles are heavy:  mi >> 1 TeV

- masses are degenerate:  Δmij << mi 

- mixing angles are very small:  Uij << 1

∼∼ b
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new sources of 
flavor breaking
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Flavor Structure in the SM and Beyond

Absence of clear New Physics signals in 
FCNCs implies strong constraints on flavor 
structure of TeV-scale physics (if it exists)



Flavor Structure in the SM and Beyond

electroweak symmetry 
breaking

ΛHiggs  < 1 TeV Λflavor > 103 TeV 

no fine-tuning bounds on flavor mixing

∼ ∼

⇒ ⇒
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assuming generic 
flavor structure

⎧ ⎨ ⎩ ⎧ ⎨ ⎩

⇒ ⇒
T

T
h h

∼ g2
T

16π2
Λ2

UV

s

s

d

d

X
∼ g2

X

Λ2
UV

LEFT = Λ2
UVΦ†Φ− λ(Φ†Φ)2 + Lgauge

SM + LYukawa
SM +

L(5)

ΛUV
+
L(6)

Λ2
UV

+ . . .

Possible solutions to flavor problem explaining ΛHiggs << Λflavor :

(i)  ΛUV >> 1 TeV:  Higgs fine tuned, new particles too heavy for LHC

(ii)  ΛUV ≈ 1 TeV:   quark flavor-mixing protected by a flavor symmetry



Flavor Structure in the SM and Beyond
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Hierarchies from geometry



What is the Dynamics of Flavor?
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generation
3rd 
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While SM describes flavor physics 
very accurately, it does not explain its 
mysteries: 

• Why are there three generations in 
nature?

• Why does the spectrum of fermion 
masses cover many orders of 
magnitude (1st hierarchy)?



What is the Dynamics of Flavor?

While SM describes flavor physics 
very accurately, it does not explain its 
mysteries: 

• Why are there three generations in 
nature?

• Why does the spectrum of fermion 
masses cover many orders of 
magnitude (1st hierarchy)?

• Why is the mixing between 
different generation governed by 
small mixing angles (2nd hierarchy)?

• Why is the CP-violating phase of 
the CKM matrix unsuppressed?

Area of unitarity 
triangle measures 

amount of CP 
violation in SM

Answers to these questions necessarily require going 
beyond the SM -- an interesting approach is offered by 

Randall-Sundrum models with warped extra dimensions



Flavor Structure in RS Models

R’R

ultraviolet 
(UV) brane

infrared 
(IR) brane

z

ds2 =
�
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z

�2 �
ηµνdxµdxν − dz2

�

• Solution to gauge hierarchy problem via gravitational redshift

• AdS/CFT calculable strong electroweak-symmetry breaking: 
holographic technicolor, composite Higgs

• Unification possible due to logarithmic running of couplings 

Randall, Sundrum (1999)



Localization of fermions in extra dimension depends exponentially on 
O(1) parameters: five-dimensional bulk masses parameters cq

Flavor Structure in RS Models

L = ln (MPl /MW) ≈ 3714 21 28

light quarks

cdR  < −1/2 

ctR  > −1/2 

70

 heavy quarks

warped extra dimension
AdS5 geometryUV brane IR brane

Grossman, Neubert (1999);  Ghergetta, Pomarol (2000)



37

UV brane IR brane

F(tR)

F(Q3L)

Higgs,
Yukawas

F(dR)
7 14 21 280

light quarks  heavy quarks

Overlaps F(QL), F(qR) with IR-localized Higgs sector and Yukawa couplings     
are exponentially small for light quarks, while O(1) for top quark 

warped extra dimension
AdS5 geometry

Flavor Structure in RS Models

Grossman, Neubert (1999);  Ghergetta, Pomarol (2000)



warped extra dimension
AdS5 geometry

Kaluza-Klein (KK) excitations of SM particles live close to IR brane

37

UV brane IR brane

7 14 21 280

Kaluza-Klein (KK) 
modes

light quarks  heavy quarks

warped extra dimension
AdS5 geometry

Flavor Structure in RS Models

Davoudiasl, Hewett, Rizzo (1999);  Pomarol (1999)



Flavor Structure in RS Models

Since light quarks live in UV, their couplings to W and Z bosons, as well as 
to KK gauge bosons, are almost flavor-independent

37
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7 14 21 28

light quarks

0

Kaluza-Klein (KK) 
modes

 heavy quarks

warped extra dimension
AdS5 geometry

Gherghetta, Pomarol (2000)



Hierarchies of Quark Masses and CKM Angles

• SM mass matrices can be written as 

where Yq with q = u,d  are structureless, complex Yukawa matrices with O(1) 

entries, and F(Qi) << F(Qj), F(qi) << F(qj) for i < j 

• In analogy to seesaw mechanism for 

neutrinos, matrices of this form give rise 

to hierarchical mass eigenvalues and 

mixing matrices 








mSM

q =
v√
2

diag [F (Qi)]Y q diag [F (qi)] =

Warped-space Froggatt-Nielsen mechanism!
Froggatt, Nielsen (1979);  Casagrande et al. (2008);  Blanke et al. (2008)

Huber (2003)



Hierarchies of Quark Masses and CKM Angles

• Hierarchies predicted and readily adjusted by O(1) variations of bulk masses

• CP violating phase is predicted to be unsuppressed! 








mq ∼
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2
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• Thus:
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F (Qj)

, i ≤ j
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, i > j

=(VCKM)ij ∼

Casagrande et al. (2008);  Blanke et al. (2008)



RS-GIM Protection of FCNCs

• Quark FCNCs are induced at tree-level through virtual exchange of KK gauge 
bosons (including KK gluons!)

• Resulting FCNC couplings depend on same exponentially small overlaps         
F(QL), F(qR) that generate fermion masses

• FCNCs involving quarks other than top are strongly suppressed!                                   
(true for all induced FCNC couplings) 

∼ g2
s

M2
KK

L F (Q1L)F (dR) F (Q2L)F (sR)
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d
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s

s
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gs

√
L gs

√
L

F (Q1L)

F (dR)
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This mechanism suffices to suppress all but one 
of the dangerous FCNC couplings!

Huber (2003);  Burdman (2003);  Agashe et al. (2004);  Casagrande et al. (2008)

Agashe et al. (2004)



RS-GIM Protection of FCNCs
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RS-GIM protection with KK masses of order few TeV



RS-GIM Protection of FCNCs
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• Spectacular corrections are possible in very clean K → πνν decays, even 
saturating the Grossman-Nir bound, B(KL → π0νν) < 4.4 B(K+ → π+νν)

central value and 68% CL limit   
B(K+ → π+νν) = (17.3+11.5)·10−11 

• consistent with quark masses, 
CKM parameters, and 95% CL
limit |εK| ∈ [1.3, 3.3]·10−3 
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SM: B(K+ → π+νν) ≈ 8.3·10−11 ,       
B(KL → π0νν) ≈ 2.7·10−11

−10.5

Golden Modes: Rare Kaon Decays

Blanke et al. (2008); Bauer et al. (2009)



• Factor ~10 enhancements possible in rare Bd,s → µ+µ− modes without 
violation of Z → bb constraints; effects largely uncorrelated with |εK|

Golden Modes: Rare B Decays

Figure 14: Prediction for B(Bd → µ+µ−) versus B(Bs → µ+µ−) (upper left), B(B →
Xdνν̄) versus B(B → Xsνν̄) (upper right), and B(B → Xsνν̄) versus B(Bs → µ+µ−)

(lower panel). All panels show results obtained in benchmark scenario S1. The black

crosses indicate the SM point, while the blue scatter points reproduce the measured

values of |�K |, the Z0bb̄ couplings, and Bd–B̄d mixing at 95%, 99%, and 95% CL. In the

upper left panel the current 95% CL upper limit on B(Bs → µ+µ−) from DØ and the

minimum branching fraction allowing for a 5σ discovery at LHCb are indicated by the

red band and dashed line, respectively. The orange dotted lines in the upper panels

represent the CMFV correlation between the two purely leptonic/semileptonic modes,

while the orange dotted curve in the lower panel indicates the model-independent

prediction obtained under the assumption that only left-handed operators contribute

to the branching fractions. See text for details.

We now move onto the rare semileptonic modes. The predictions for B(B → Xdνν̄) versus

B(B → Xsνν̄) corresponding to the benchmark scenario S1 are shown in the upper right

71

CMFV

SM: B(Bd → µ+µ−) ≈ 1.2·10−10 ,

      B(Bs → µ+µ−) ≈ 3.9·10−9        

minimum of 5.5·10−9  for 5σ  
discovery by LHCb, 2 fb−1

95% CL upper limit from CDF:
B(Bs → µ+µ−) < 5.8·10−8

• consistent with quark masses, 
CKM parameters, Z→bb, and 95% 
CL limit |εK| ∈ [1.3, 3.3]·10−3 

Blanke et al. (2008); Bauer et al. (2009)



Correlations with Higgs physics

g

g

h
t

t

t

!
h

b, t

b, t

!
h

W, Z

W, Z

!

h

γ

γ

t

t

t!
h

γ

γ

W

W

W!
h

Z

γ

t

t

t!

!

h

Z

γ

W

W

W!

Figure 5: Examples of Feynman diagrams involving zero-mode fields only that con-
tribute to the production and the decay of the Higgs boson at leading order of pertur-
bation theory. Vertices indicated by a black square can receive sizable shifts in the RS
model relative to the SM couplings. See text for details.

can be parametrized by 1− at,b v2/M2
KK with the coefficients at,b given in Table 3. The quoted

values of at,b have been obtained from the best fits to the shown sample of scatter points.
The suppression of the Yukawa couplings of the third-generation quarks, Reκt,b ≤ 1, as

well as the feature |Im κt,b| # 1 are not difficult to understand. First, one has mq
3/v

(

(Φq)33 +
(ΦQ)33

)

≥ 0 since the diagonal elements of the matrices Φq,Q introduced in (137) are absolute
squares. Second, the third term in (136) can be written in the ZMA as

(∆g̃u
h)33 =

4m2
t

3vM2
KK

3
∑

j=1

mu
j

(

U †
u diag

[

F−2(cQi
)
]

Uu

)

j3

(

W †
u diag

[

F−2(cuc
i
)
]

W u

)

3j
. (166)

A similar formula applies to the case of (∆g̃d
h)33. Because the diagonal elements of the matrices

U †
u diag [F−2(cQi

)] Uu and W †
u diag

[

F−2(cuc
i
)
]

W u are absolute squares, the term with j = 3
is obviously positive semi-definite. The terms with j = 1, 2, on the other hand, can have
an arbitrary complex phase. Yet, due to the strong chiral suppression, mc/mt ≈ 1/275 and
mu/mt ≈ 10−5, the imaginary part of (166) turns out to be negligibly small, leaving us with
(∆g̃u

h)33 ≥ 0. The same holds true for (∆g̃d
h)33, although the chiral suppression is weaker in this

case, ms/mb ≈ 1/50 and md/mb ≈ 1/800. Recalling that (∆gq
h)33 = mq

3/v
(

(Φq)33 + (ΦQ)33

)

+
(∆g̃q

h)33 ≥ 0 enters (135) with a minus sign, we conclude that the htt̄ and hbb̄ couplings are
predicted to be suppressed relative to their SM values in both the minimal and the extended
RS models. We believe that this finding is model-independent and holds in a wide class of RS
set-ups. The same conclusion has been drawn in the context of models where the Higgs arises
as a pseudo Nambu-Goldstone boson [52, 53].

The second term in the numerator of (164) represents the contribution to the gg → h
amplitude arising from the virtual exchange of KK quarks. The corresponding Feynman graph
is shown on the very left in Figure 6. In the up-type quark sector the associated coefficient

48
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Figure 6: Examples of one-loop contributions involving KK excitations that contribute
to the production and the decay of the Higgs boson at leading order of perturbation
theory. See text for details.

takes the form

νu = v
∞
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n=4

(gu
h)nn
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n
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u
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=
2π

εL

∞
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n=4
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3M2
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Ỹ !uȲ
†
!u

)

SU
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n

xu
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q (τ

u
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(167)

Similar relations hold in the sector of down-type and λ quarks.15 Since the mass of the first
KK up-type quark is already much larger than the Higgs-boson mass, mu

4/MKK = O(a few) "
mh/MKK, it is an excellent approximation to replace the function Ah

q (τ
u
n ) by its asymptotic

value of 1 obtained for τu
n ≡ 4 (mu

n)2 /m2
h → ∞.

Before presenting our numerical results for these contributions, we would like to add some
comments about the convergence of the sum in (167). In the SM, the top-quark contribution
to the gg → h amplitude is proportional to yt/mt in the decoupling limit. In this limit the
amplitude can be described by the effective operator h/v Ga

µνG
a µν , whose Wilson coefficient

is related to the QCD β-function. This relationship arises through low-energy theorems ap-
propriate to external Higgs bosons with vanishing momentum [53–56], which apply to any
quantum field theory. In the context of the RS framework they imply that the sum in (167)
must be convergent, because the running of αs can be shown to be logarithmic in warped
extra-dimension models [24, 57–63]. While the finiteness of the effective hgg coupling is thus
guaranteed on general grounds, an explicit calculation of (167) in the KK decomposed 4D
theory turns out to be non-trivial. This is due to the fact that the Higgs VEV induces O(1)
mixings between the various modes of a single KK level [21]. For example, in the up-type
quark sector there are five types of fields, namely u, u′, uc, U ′, and U . Each of them exists in
three different flavors, so that there are altogether 15 KK modes of similar mass in each level.
In the down-type quark sector, one instead ends up with nine modes, while in the minimal
RS model one has six states per KK level in both the up- and the down-type quark sectors
(corresponding to SU(2)L doublets and singlets). Finally, in the λ-type quark sector one again
faces nine KK excitations per level. In contrast, exotic matter is not present in the minimal

15With λ quarks we denote all fermionic KK excitations with electric charge 5/3.
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• Properties of the Higgs boson offer alternative ways to probe, via 
modifications of SM couplings and virtual effects from heavy KK states, the 
structure of warped extra-dimension models

• Recently, we have performed the first complete one-loop analysis of Higgs 
production and decays in the RS model with custodial symmetry



Higgs production cross sections
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Figure 10: Main Higgs-boson production cross sections at the Tevatron (left) and the
LHC (right) for center-of-mass energies of

√
s = 1.96 TeV and

√
s = 10 TeV, employing

MKK = 2 TeV (upper row) and MKK = 3 TeV (lower row). In the case of the Tevatron
the panels show gluon-gluon fusion (red) and associated W -boson production (blue),
while for the LHC the dominant channels are gluon-gluon (red) and weak gauge-boson
fusion (blue). The dashed lines illustrate the SM predictions, while the solid lines
indicate the results obtained in the custodial RS model. See text for details.

the case of MKK = 2 TeV (MKK = 3 TeV) suppressions that range between −65% and −95%
(−80% and −90%) and from −45% to almost −100% (−45% to −90%) at the Tevatron
and LHC, respectively (see also Figure 12). Interestingly, the found depletions survive even
at MKK = 5 TeV, still reaching up to −40% at both colliders. Since both the theoretical
accuracy [65–68] and the expected experimental precision [49, 76] are at the level of 10%,
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• Find possibly spectacular effects on Higgs production via gluon fusion, even 
for high KK masses (                                    ):m

G(1)
KK
≈ 2.45MKK

SM

RS

SM

RS

SM

RSSM

RS



Higgs decay branching fractions
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Figure 13: Branching ratios for h → f as functions of the Higgs-boson mass for MKK =
2 TeV (upper panel) and MKK = 3 TeV (lower panel). The dashed lines indicate the SM
predictions, while the solid lines show the corresponding RS expectations. Branching
fractions of less than 10−4 and decay channels into final states with muon, tau, charm-,
and strange-quark pairs, which are all expected to remain SM-like, are not shown. See
text for details.
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• Correspondingly, find possibly significant impact on h→gg and h→γγ 
branching ratios:



Complementarity of High Energy and Precision

Rare decay B→Xsγ 
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NNLO perturbative calculation (technically 
difficult) and systematic estimate of non-local 
power corrections (conceptually difficult) are 
required in order to obtain an uncertainty of 5%

B(B̄ → Xsγ)Eγ>1.6 GeV

NNLO
= (3.15± 0.23)× 10−4

B(B̄ → Xsγ)Eγ>1.6 GeV
exp = (3.52± 0.23± 0.09)× 10−4

Misiak et al. (2006); Becher, Neubert (2006) Lee, Neubert, Paz (2006)



 

  

Probing FCNCs in  B→Xsγ  Decay
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Figure 1: Graphical illustration of the three terms in the QCD factorization theorem (3)
for B̄ → Xsγ decay in the endpoint region. The dashed lines represent soft interactions,
which must be power expanded and factored off the remaining building blocks to derive
factorization.

shape functions are forward matrix elements of non-local HQET operators on the light cone.
The symbol ⊗ implies a convolution, which arises when the soft and jet functions share some
common variables.

The new element, which makes the analysis of B̄ → Xsγ decay more involved than that
of semileptonic decays, is the presence of “resolved photon” contributions, which contain
subprocesses in which the photon couples to light partons instead of connecting directly to
the effective weak-interaction vertex [33–38]. As we will show, these subprocesses probe the
hadronic substructure of the photon at a scale of order

√

EγΛQCD. The corresponding effects

can be described by introducing new jet functions J̄ (n)
i . There is no analog of this phenomenon

in semileptonic decays, because a lepton-neutrino pair can only couple to light partons via W -
boson exchange. The factorization formula we obtain for the photon spectrum in the endpoint
region is

dΓ(B̄ → Xsγ) =
∞

∑

n=0

1

mn
b

∑

i

H(n)
i J (n)

i ⊗ S(n)
i (3)

+
∞

∑

n=1

1

mn
b

[

∑

i

H(n)
i J (n)

i ⊗ S(n)
i ⊗ J̄ (n)

i +
∑

i

H(n)
i J (n)

i ⊗ S(n)
i ⊗ J̄ (n)

i ⊗ J̄ (n)
i

]

.

It contains “direct photon” contributions of the same form as (2), accompanied by single
and double resolved photon contributions that are new. Our notation is symbolic; objects
denoted by the same symbol in the various terms are, in general, different quantities. Note
the important fact that the new contributions appear first at order 1/mb in the heavy-quark

expansion. While the jet functions J (n)
i are cut propagator functions dressed by Wilson lines,

the jet functions J̄ (n)
i are given in terms of full propagator functions dressed by Wilson lines.

A graphical illustration of the factorization formula is shown in Figure 1.
When the photon spectrum is integrated over an interval much larger than the endpoint

region, the direct photon contributions simplify to a series of hard coefficients multiplying
forward B-meson matrix elements of local operators, in analogy to what happens in semilep-

3

of suitably defined hadronic parameters of order ΛQCD, using the expressions for the quantities
F̄ij(µ) derived in the previous section under the assumption that ∆ ! ΛQCD. Making explicit
the dependence on the Wilson coefficients and factors of the strong coupling g2 = 4παs, we
arrive at

FE(∆) =
C1(µ)

C7γ(µ)

Λ17(m2
c/mb, µ)

mb
+

C8g(µ)

C7γ(µ)
4παs(µ)

Λspec
78 (µ)

mb

+

(

C8g(µ)

C7γ(µ)

)2 [

4παs(µ)
Λ88(∆, µ)

mb
−

CFαs(µ)

9π

∆

mb
ln

∆

ms

]

+ . . . ,

(100)

where

Λ17

(m2
c

mb
, µ

)

= ec Re

∫ ∞

−∞

dω1

ω1

[

1 − F

(

m2
c − iε

mb ω1

)

+
mb ω1

12m2
c

]

h17(ω1, µ) ,

Λspec
78 (µ) = Re

∫ ∞

−∞

dω1

ω1 + iε

∫ ∞

−∞

dω2

ω2 − iε
h(5)

78 (ω1, ω2, µ) , (101)

Λ88(∆, µ) = e2
s

[
∫ ΛUV

−∞

dω1

ω1 + iε

∫ ΛUV

−∞

dω2

ω2 − iε
2hcut

88 (∆, ω1, ω2, µ) −
CF

8π2
∆

(

ln
ΛUV

∆
− 1

)]

.

In the case of Λ17 and Λ88 we have factored out the appropriate powers of the quark electric
charges. Because of the sum over light-quark flavors in (93), the parameter Λspec

78 receives
contributions proportional to any one of the light-quark charges. The resulting hard breaking
of isospin symmetry implies that its value will be different for charged and neutral B mesons
even in the isospin limit. We will show in Section 7.2 that, in certain approximation schemes,
Λspec

78 is proportional to the electric charge of the spectator quark in the B meson. The
parameters m2

c/mb and ∆ entering the arguments of Λ17 and Λ88 count as O(ΛQCD). The
dependence on the strange-quark mass in (100) arises only because the function FE(∆) is
defined as the deviation from the partonic rate Γpart(E0). The true decay rate Γ(E0) in (98) is
independent of ms. Note also that the result for Λ88 is formally independent of the UV cutoff
ΛUV, and that it is the only hadronic parameter in (100) that depends on the quantity ∆. In
the formal limit where the cut on the photon energy is removed, ∆ → mb, the linear growth
(modulo logarithms) of the parameter Λ88 with ∆ implies that the corresponding contribution
to FE(∆) is promoted from a power-suppressed to a leading-order effect. Indeed, it is well
known that in this limit there exists a leading-power, non-perturbative Q8g −Q8g contribution
related to the photon fragmentation off a strange quark or gluon [33]. For practical applications
this observation is irrelevant. We will argue in Section 7.3 that, for realistic values of E0

outside the endpoint region, the dependence of Λ88 on ∆ is very weak, and therefore the
function FE(∆) is almost equal to a constant.

Without further information about the soft functions, one would assume that the Λij

parameters should be of order ΛQCD, apart from the electric charges factored out in (101).
This would lead to very large effects of up to 30% on the decay rate. Fortunately, it is possible
to constrain the values of Λ17 and Λspec

78 by means of simple considerations, as we will now
discuss. The input parameters used for the estimates in the following discussion are collected
in Appendix B. The accuracy of our calculations is such that we are insensitive to the scale
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Systematic analysis of non-local ΛQCD/mb corrections based on novel 
factorization theorem derived using soft-collinear effective theory:

 

Corrections to short-distance calculation of decay rate:

Our estimate:

the actual corrections to lie, without making a statement about the most likely values within
these ranges, we add up the various contributions using the scanning method. In this way, we
arrive at our final result

−5.1% < FE(∆) < +4.2% , (116)

where we have used the theoretical estimate for FE

∣

∣

78
. When the experimental estimate is

used instead, the range is expanded to −6.8% < FE(∆) < +10.1%. However, if in the future
a more precise value of the isospin asymmetry can be measured, then this could be used to
reduce the uncertainty range somewhat. If, for example, we assume that the true isospin
asymmetry lies in the center of the interval predicted by the VIA, ∆0− = +4.7%, then in
the absence of experimental uncertainties we would derive FE|exp

78 ∈ [−2.0,−1.1] %, where the
remaining uncertainty stems from the unknown effects of SU(3) breaking. In this “ideal” case,
the combined result would be

−4.3% < FE(∆) < +3.4% . (ideal case) (117)

We do not see a possibility to reduce this uncertainty in the foreseeable future, given that no
theoretical tools exist to constrain the non-local matrix elements defining the soft functions
entering the various resolved-photon contributions studied in this paper. We therefore consider
the range in (117) as the irreducile theoretical uncertainty affecting any theoretical prediction
of the B̄ → Xsγ branching ratio.

8 Conclusions

[Work through this! Mention somewhere the important point that two different charm

masses enter the B̄ → Xsγ rate. For charm loops in the jet functions one should use
mc(µhc) with µhc ≈ 1.5 GeV, while for those in the hard functions one should take mc(µh)
with µh ≈ 2.4–4.8 GeV. This can enhance the rate by 2–3%!]

The inclusive radiative decay of B mesons, B̄ → Xsγ, is used extensively in constraining
models of new physics. The theoretical prediction for this decay mode is at a stage where the
largest uncertainty arises from non-perturbative effects. It is therefore important to analyze
these effects in a systematic fashion.

Compared to inclusive semileptonic B decays, non perturbative effects in radiative B decays
are much more complicated. The main reason is that for the latter we have to consider the
entire weak Hamiltonian and not just one operator. The non perturbative effects arising from
some of the operators have been considered in the past, focusing mainly on the total rate.
But until this work, there has never been a systematic study either of the total rate or of the
spectrum.

Effective field theories, such as soft-collinear and heavy-quark effective theory, have proven
themselves to be extremely useful in analyzing inclusive B decays at the endpoint region.
There are several advantages to the use of effective field theories. First, they are systematic.
It is clear that we are taking into account all of the possible contributions. This is especially
important for radiative B decays, where the diagrammatic approach used in the previous
decade has missed the largest source of non perturbative uncertainty for B̄ → Xsγ. Second,
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Irreducible theoretical 
uncertainty!

Benzke, Lee, Neubert, Paz:
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Impact on New Physics: Type-II 2HDM

Flavor physics, in particular B→Xsγ and B→τν, yield constraints much 
stronger than those derived from LEP data
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Existing constraints in tanβ-MH+ plane from flavor physics are comparable 
and complementary to the expected 95% CL exclusion limits from LHC, 
derived using gg,gb →  t(b)H+ followed by H+ → τντ ,tb
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Impact on New Physics: MSSM

A gluino cascade decay 
chain that can be used to 
reconstruct mass of lightest 
stau at LHC 
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Knowing masses of gluino ( g ), sbottom ( b1), and neutralinos ( χ0   ), the mass of 
the lightest stau ( τ1 ) can be measured with precision of only 20% at LHC

LHC sensitivity to tanβ is thus typically not very large, since sparticle spectrum 
does not change significantly with tanβ

∼ ∼ ∼
∼ 1,2
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Branching ratios of B → Xsγ, B → τντ, Bs → μ+μ−, and isospin asymmetry of        
B → K*γ, depend quite sensitively on tanβ

By measuring correlated shifts in these observables, it might be possible to 
determine tanβ with 10% accuracy, by far exceeding LHC sensitivity
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Branching ratios of B → Xsγ, B → τντ, Bs → μ+μ−, and isospin asymmetry of        
B → K*γ, depend quite sensitively on exact value of tanβ

By measuring correlated shifts in these observables, it might be possible to 
determine tanβ with 10% accuracy, by far exceeding LHC sensitivity
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Puzzles in the Flavor Sector: Facts or Fiction?

Several observables don’t look quite right ... (~2σ effects)
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CP violation 
in Bs mixing
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B→τν rate

AFB 
asymmetry in 

B→K*l+l-

sin2β from 
tree vs. loop 
processes

|Vcb| and |Vub| 
exclusive vs.  

inclusive

|Vub| vs. 
sin2β and εK

not yet 
measured ...

Several observables don’t look quite right ... (~2σ effects)

Perhaps, one of these hints 
will solidify and point us the 

way beyond the SM!
ΔACP(B→πK) 

puzzle



Summary and Outlook

The first collisions at the LHC mark the beginning                              
of a fantastic era for particle physics, which holds                           
promise of ground-breaking discoveries 

ATLAS and CMS discoveries alone are unlikely to                       
provide a complete understanding of the observed phenomena

Flavor physics (more generally, low-energy precision physics) 
will play a key role in unravelling what lies beyond the Standard 
Model, providing access to energy scales and couplings 
unaccessible at the energy frontier

Only the synergy of LHC and high-precision experiments may 
give us the key to solving the puzzles of fundamental physics


